Geomagnetic Storms

Most operational systems can withstand certaindevedisturbances in the magnetosphere and iomosphut
large geomagnetic storms can cause deleterioust®fia space- and ground-based installations. The
manifestations of storms are strong deviationiénHarth's magnetic field from the quiet condititmet extend
over wide geographic areas: from high-latitude td-fatitude and equatorial regions. Significant gagnetic
disturbances produce awe-inspiring auroral disp{dgsignated aurora borealis in the northern hemisgpand
aurora australis in the southern hemisphere), widsie attracted the interest of generations ohsisis, but the
can also cause disruptive effects such as losatellites and failure of communications networkd afectric
power grids.

The disturbances in the geomagnetic fields areechbg fluctuations in the solar wind impinging twe Earth.
The disturbances may be limited to the high-lagtpdlar regions, unless the interplanetary magfietat (IMF)
carried by the solar wind has long periods (sevewals or more) of southward component (Bz < Ohwatge
magnitudes (greater than 10-15 nT). The occurrehsach a period stresses the magnetosphere cousiyy
causing the magnetic field disturbances to reaetetiuatorial region. The degree of the equatoragmatic field
deviation, the measure of the magnitude of geontagsterms, is usually given by the Dst index. Tisighe
hourly average of the deviations of the H (horiahntomponent of the magnetic field measured bgisdv
ground stations in mid- to low-latitudes. Dst = @ans no deviation from the quiet condition, andDst00 nT
means large storms. During the March 1989 storinciduased the provinoside blackout in Quebec, Canada,
Dst index reached approximately -600 nT.

There is another type of storms. These recur watiods of approximately 27 days, the solar rotagieriod, and
are associated with the high-speed solar windmai@ig in “~"coronal holes" at the Sun. Such stdand to be
moderate. Severe storms tend to be nonrecurrerdramdifficult to predict.

Geoeffective Conditions: What Causes Geomagnetic Stor ms?

Large geomagnetic storms are usually caused bgtstas in the solar wind having specific featutesg
durations of strong southward interplanetary magriietid (IMF) impinging on the Earth's magnetosghelhes
features are effective in causing geomagnetic iiances and are said to be geoeffective. We udertime
geoeffective to mean " “storm-causing,” with theulieng storm severity exceeding a specified tho&sh
Currently, the criterion is that Dst remain bel®@ nT for two hours or longer. Geoeffective solamdv
structures are clearly distinguishable from thedgisolar wind characterized by weak (typicallgb
fluctuating IMF. They can be described as magrfeticropes, often referred to as magnetic cloudsida,
1988), and are highly correlated with coronal nmegsstions (CMES), an eruptive solar phenomenonhichv
enormous amounts of plasma (10715 g) and magneigg (10732-10733 erg) are ejected by the Sumgat h
speeds reaching several hundred to more than lila@0dters per second. The sporadic eruptions amd th
subsequent propagation of the ejecta cannot bécpeddhaccurately at this time. The storm predictechniques
currently in use, which rely on observations obsalctivity, can provide forecasting time of a féays but are
not accurat¢Joselyn, 1995]

The new prediction method takes advantage of ttendt physical attributes of geoeffective solaustures in
the following way. (1) They are magnetically welgjanized, so that the leading edge of a structasectear
relations to the solar wind that has yet to aratéhe observing platform. (2) The long duratiohthe solar winc
drivers of large storms can provide forecastingetim the range of several hours to more than 20sh0
depending, among other factors, on the solar cycle.

Theoretical model of a magnetic clot



A solar flux rope propagating toward the Earth (@neen asterisk on the right) from the Sun (onéeft¢ (Figure
from Chen et al. [1995]. S&ghen [1996]or the theory.) The dimensions of the model flage are shown to
scale in relation to the Sun-Earth distance (1 Alhe color scheme shows the average magneticdieddgth,
ranging from strong (red, of the order of a gatssyeak (blue, of the order of 10 nT). The heloaive
illustrates a characteristic magnetic field lineagvietic clouds may indeed be structurally simpldegscted
here. Recent observations indicate that magnedit lines of magnetic clouds do remain connectddedsun
and that the field lines toward the outer edge fidxarope are more twisted.@rson et al., 1997This property i
implied by the model structure and the magnetid fikescribed below.

Click [here]to view the time evolution of the magnetic cloud.

Magnetic field profile associated with the abovedelanagnetic cloud.

As the model magnetic cloud moves past the Eantlopaerver (e.g., a satellite) sees a magnetit velying in
time. In this example, the northward component¥BY arrives at the Earth first [adapted fr@hen (1996)
The continued expansion in the minor radial diggtis taken into account. Although no ambient mégrield
is included outside the cloud edges (the vertieshed lines), the solar wind typically has fluctugfield of
roughly 5 nT in magnitude. A nonzero By outsideflb& rope will cause theta (panel c) to decre
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An inter planetary magnetic cloud observed by IMP 8 on 13-14 January 1988.
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The By and Bz components and theta are shown. Bdveaheoretical model closely resembles the oleserv
magnetic cloud. The By component, which is in thstevest direction, peaks where Bz = 0. The sifferéince
in By between the model and the observed cloudsig/nificant. The solar wind speed V and densigyaso
shown. Two major gaps in the data are indicateddsiical dashed lines.
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A Feature-Based Method of Predicting Geoeffective Solar Wind and
Geomagnetic Storms

This technique takes advantage of the fact thasdkes wind (SW) features that cause large stolons
uninterrupted durations of strong southward ormeard magnetic field, make such geoeffective stmast
clearly distinguishable from the nongeoeffectivbgéckground") solar wind. They can be describemhagnetic
flux ropes propagating past the Earth. If the mégreld of an interplanetary flux rope is measiiréhe field
vector shows a characteristic rotation which is Imslower than the time scale of IMF fluctuationghie
background solar wind. The slow rotation of the &g field can be recognized and used to infemthgnetic
field profile of the solar wind that has yet toiagrat the Earth. This means that the leading efglee SW
structure has a structural relationship to thdimgaedge. The basic technique falls under the drzdegory of
artificial intelligence. Another artificial intetlence approach uses neural networks, and a nurhbeual
network space weather forecasting techniques aterudevelopment elsewhere. The basic differentteatsour
technique seeks to estimate the magnetic fieldlpr@z) forward in time, in the solar wind thatshget to arrive
at the observing platform. The response of the m@gphere to the predicted Bz profile is then neferin
contrast, the neural network approach attemptsddigt the response of the magnetosphere to the woid tha
has been observed.

Because the Earth passage of magnetic clouds 18k26 hours to a few days, the method allows ptiediof
IMF forward in time. As a result, the method caelgiadvance forecasting time of several to more fltahours
This is far in excess of the warning time achielgdhe current neural network techniques whichnatieto
predict the response of the magnetosphere to theuned solar wind data. (SEken et al. [1996, 1997¢r
more detail.)

Test Criteriaand Dst Threshold

The test is being conducted to examine the dedreecaess one can expect from the method in iseptedorm
with respect to the following specific objectivase first is to estimate the eventual durationadad maximum
value of Bz field (denoted Bzm) of each solar wavent being encountered. The second objectiveastimate
the Bz(t) profile of the solar wind stream that lgasto come. The third objective is to determirteether the
event is geoeffective or not geoeffective accordmthe estimated Bzm' and tau'. The threshold for
geoeffectiveness is chosen to be Dst < -80 nTworltours or longer. Our overall objective is towetely
identify and predict the solar wind events thatsealarge geomagnetic storms rather than the detafgponse ¢
the magnetosphere. We judge the success of theigeehas follows. If a solar wind event leads to>R15 for 2
hours or longer, we regard the outcome as a pegtigdiction of the occurrence of Dst < -80 nT. en
compare this outcome with the actual or provisidstl value, whichever may be available. If Dst diadéisand
remain below this threshold for two hours or longlee prediction is judged to be correct. If P1glnet exceed
0.5 for two hours or longer but Dst does fall belbw -80 nT threshold, then the result is judgebdaa false
negative (a miss). If P1 produces a positive ptemidor storm but Dst does not fall below the #8Dthreshold,
the outcome is judged to be a false positive (@falarm). The association between the solar wiadts and th
Dst values can be subjective, but we generallyat@ncounter obvious ambiguity.
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